however, that symmetry is absent, and the spatial derivative of the wavelength diverges at low frequencies•the "cochlear catastrophe." Those models therefore contradict the impedance measurements and predict little transfer of energy between the middle and inner ears.
the cochlea, and for the sensitivity of hearing are then discussed. The second part parallels the first, illustrating the results in a simple class of cochlear models. Those models fall into two categories differing in the spatial variation of their parameters: those in which the wavelength changes slowly near the stapes (e.g., Zweig, 1987; Zweig, 1991 ) , and those, such as the models used to discuss the reflection of retrograde waves (Viergever, 1986; de Boer et al., 1986a,b;  and Kaernbach et al., 1987) , that exhibit the cochlear catastrophe. The companion paper (Shera and Zweig, 1991a) explores the consequences of breaking the symmetry between •, and Y for the reflection of traveling waves.
I. THE SYMMETRY

A. The cochlear input impedance
As seen from the basal end of the cochlea, the response at the driving frequency to a pure tone of angular frequency w and amplitude A can, if the organ of Corti is essentially incompressible (cf. Shera and Zweig, 1991 b), be characterized by the cochlear input impedance, which is defined as the ratio of the pressure difference P(x,co;A ) across the organ of 
In humans, the stimulus amplitude //•o corresponds to roughly 60 dB above threshold at frequencies oa/2m-1 kHz. At the lowest frequencies (w/2•r 5 100 Hz) interpretation of Zo (oa) is complicated by viscosity and the effects of the geometry of the apical scalae and heliCotrema (Koshigoe etal., 1983; Puria and Allen, 1991 ) . For example, the termination of the organ of Corti at the helicotrema may result, at very low frequencies, in the partial reflection of waves back toward the stapes. Such waves can have significant effects on the cochlear input impedance (Puria and Allen, 1991 ) . By restricting attention to higher frequencies ( co/2•r >• 100 Hz), at which stimulus energy is absorbed before reaching the apical end of the cochlea, such complications are avoided and measurements Of Zo (co) can be compared with the predictions of models that do not specify cochlear responses to the lowest frequencies. Lynch et al. (1982) and Nedzelnitsky (1974a; 19•0) have measured the input impedance of the cat inner ear at high stimulus amplitudes. At the lowest frequencies (w/2•r5 80 Hz) their measurements include effects due to the impedance of the round window, but at higher frequencies the impedance they measure reduces to Zo (w) and is determined solely by the internal mechanics of the cochlea. 3
C. Measurements of Zo (•o)
Their measurements of Zo(co), together with smoothed, minimum-phase fits (Zweig and Konishi, 1987; Konishi and Zweig, 1989) to the data, are shown in Fig. 1 . The measurements indicate that the phase/_Z o (w) of the cochlear input impedance is small over a broad range of frequencies greater than approximately 100 Hz (see also Nedzelnitsky, 1974b The measurement errors are not precisely known, but since driving-point impedances are minimum-phase functions (Bode, 1945) , a lower bound on the error is given by the deviations from the minimum-phase fit, which do not exceed ___ 2 dB in the amplitude and q-l0 ø in the phase. Lynch et al. (1982) provide an upper bound on the error of q-l0 dB in the amplitude and roughly q-40* in the phase (Nedzelnitsky, 1974a) 
X-2 for the forward-traveling pressure wave. Equation (7) for U then implies that
When the wavelength has the form predicted by transmission-line models at frequencies ca •ca%, truncating the series after the first two terms is optimal and yields 6
Zo (ca) •7to/(l + i7t•/2).
The subscripts "0" indicate that the quantities are evaluated at the basal end of the organ of Corti; for example,
•.o (ca) = X (0,ca).
The prime 7 denotes differentiation with respect to •y: 
Combining Eq. (17) with the empirical finding that
above 100 Hz (cf. Fig. 1 ments from Fig. 1. Although the absolute efficiencies are not  reliable because the constant a was determined by combining measurements from a gallimaufry of cats, •o Although a typical mammalian cochlea consists of a coiled tube containing three chambers (the scala vestibuli, the scala media, and the scala tympani), simple models of cochlear mechanics approximate the struc- •6 Allen (1986) measured the ratio of pressure to particle velocity in the ear canal at the eardrum, which is everywhere proportional to Z,. The proportionality constant !s approximately the cross-sectional area of the ear canal which has a typical value of 0.15 cm 2 in cats (Shaw, 1974 ).
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